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A single-electron transistor has been realized in a Ga[Al]As heterostructure by oxidizing lines 
in the GaAs cap layer with an atomic force microscope. The oxide lines define the boundaries of 
the quantum dot, the in-plane gate electrodes, and the contacts of the dot to source and drain. 
Both the number of electrons in the dot as well as its coupling to the leads can be tuned with an 
additional, homogeneous top gate electrode. Pronounced Coulomb blockade oscillations are observed 
as a function of voltages applied to different gates. We find that, for positive top-gate voltages, the 
lithographic pattern is transferred with high accuracy to the electron gas. Furthermore, the dot 
shape does not change significantly when in-plane voltages are tuned. 



Single electron transistors (SETs) Q are currently the 
subject of intense research activities. They can be used 
as devices which rely on the discreteness of the electron 
charge, for example highly sensitive electrometers 
or single electron pumps as a possible current standard 
||. Furthermore, SETs defined in a two-dimensional 
electron gas (2DEG) of a semiconductor heterostructure 
are also known as " quantum dots" , and can be seen as 
tunable artificial atoms with interacting electrons. The 
interplay between Coulomb interactions and quantum 
size effects has been widely studied in such structures. 

I 

Generally speaking, an SET consists of a conducting is- 
land, which is weakly coupled to two reservoirs via tunnel 
barriers. In order to be able to tune the electrochemical 
potential of this island, a nearby gate electrode is coupled 
capacitively to it. In recent years, a variety of fabrica- 
tion methods for tunable semiconductor quantum dots 
has been reported, each having its particular strengths 
and weaknesses. The most common scheme consists of 
patterning metallic top gate electrodes by electron beam 
lithography. J?J By applying negative voltages to these 
gates, the quantum dot is induced in the electron gas. Its 
shape and electron density as well as its coupling to the 
leads can be tuned over wide ranges. The disadvantage 
of this method is that due to the large lateral depletion 
lengths of the order of lOOnm, the dot shape deviates 
significantly from the top gate pattern. Furthermore, 
changing the number of electrons inside the dot changes 
its shape as well, which is reflected experimentally in 
gate- voltage dependent capacitances. Patterning the dot 
and in-plane gate electrodes by wet chemical etchingre- 
sults in quite similar advantages and disadvantages. [|S|]9j] 
Other schemes of fabricating quantum dots are focused 
laser beam-induced doping, ]lQ| and focused Ga ion beam 
implantation in combination with top gates pT] . Here, 
the lateral depiction is smaller. However, it is known 
that scattering at edges defined by such implantation 
techniques is highly diffusive, p3] thus reducing, or even 



destroying, ballistic transport through the dot. 
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FIG. 1. Fig. 1: (a): Scanning force micrograph of the 
oxide pattern that defines the quantum dot, which is coupled 
to source and drain via small gaps in the oxide lines. The dot 
potential can be tuned using the electrodes IPG1 or IPG2. 
The picture shows the sample before the top gate metalliza- 
tion. The dashed line indicates the line of the cross section 
scheme in (b). The oxide lines deplete the electron gas under- 
neath and separate the dot from IPG1 and IPG2. The sample 
is homogeneously covered by a Ti/Au top gate. 



Here, we report the realization of quantum dots in a 
GaAs— Al x Gai_ x As (x=0.3) heterostructure by local ox- 
idation of the semiconductor surface with an atomic force 
microscope (AFM) . Jl3| Clear Coulomb blockade of the 
electron transport is observed. It is demonstrated that by 
combining top gates with in-plane gates, the lithographic 
shape of the dot can be transferred into the electron gas 
with high accuracy. Furthermore, by applying voltages 
to the in-plane gates, the occupation number of the dot 
can be tuned over wide ranges by leaving its shape basi- 
cally unchanged. 

The 2DEG in our samples is located 34nm below the 
surface. It has a sheet density of 5.0 • 10 15 m -2 and a 
mobility of 92m 2 / Vs at a temperature of T=0.1 K. The 
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coarse lateral structure of the sample is pre-patterned by 
optical lithography. A Hall bar is defined by wet chemi- 
cal etching, and Ni-AuGe Ohmic contacts are alloyed into 
the heterostructure. Then, the dot is defined by local ox- 
idation (LO) of the GaAs cap layer (Fig. fa). Oxide lines 
(typical width lOOnm and height 8nm, respectively) de- 
plete the electron gas underneath |f3[ , separate the quan- 
tum dot from the in-plane gates (IPGf and 1PG2) and 
define the connections to source and drain. In a final fab- 
rication step, the sample is covered with a homogeneous 
layer of I OOnm Au on top of 5nm Ti, acting as a top gate 
(Fig. fb). Recently, Sasa et al. |14| reported the obser- 
vation of Coulomb blockade in a quantum dot defined by 
combining LO on InAs/AlGaSb heterostructures with a 
selective wet chemical etching technique. Our technique, 
which works in Ga[Al]As, does not need an etch step and 
can be combined with additional top gates, which may 
be laterally patterned. 

DC conductance measurements have been carried out in 
a 3 He/ 4 He dilution refrigerator with a base tempera- 
ture of 50mK. No leakage currents (I < IpA) between 
top gate and 2DEG could be detected for top gate volt- 
ages — 2V < Vt g < +1V. The depleted regions under the 
oxide lines have typical breakdown voltages of ±400mV 
which, however, depend on Vt g . |0 Applying voltages 
to the top gate changes not only the occupation number 
of the dot, but also its coupling to the leads. We have 
studied two different realizations of such quantum dots. 
In type I, the dot is separated from source and drain via 
two highly insulating tunnel barriers when the top gate 
is grounded. The tunnel barriers are defined by a gap 
of about 20nm in the two oxide lines that separate the 
dot from source and drain. By applying positive voltages 
to the top gate, the tunnel barriers can be opened. In 
type 2, the dot is coupled to source and drain via open 
quantum point contacts when the top gate is grounded. 
This is achieved by keeping the gaps in the oxide lines at 
w 50nm (Fig. fa). Here, negative top gate voltages close 
the quantum point contacts. 

In Fig. 2, conductance measurements on a type I dot are 
shown. Using a bias voltage of 20/iV, a current through 
the dot can be detected for V tg > 360mU, and Coulomb 
blockade oscillations as a function of Vt g can be observed 
for 380mU < V tg < 400ml/ (Fig. 2a). An average peak 
separation of AI4g = 240/iV" is found, corresponding to a 
capacitance between top gate and dot Cdt of 670aF. We 
modeled Cdt by a parallel plate capacitor. Using the dis- 
tance between top gate and the 2DEG as the separation 
between the plates, and a dielectric constant of e = f 3, 
we find an electronic dot area of 2 • f0 5 nm 2 , which indi- 
cates that the lateral depletion length is clearly less than 
20nm at the oxide lines, if about 400mU are applied to 
the top gate. This is in agreement with our earlier in- 
vestigations on the depletion lengths of nanostructures 
defined by local oxidation. Jl5| Hence, the size and shape 
of our quantum dot resemble much more closely the litho- 
graphic pattern than that defined solely by top gates (like 
in conventional split-gate structures) do. 
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FIG. 2. Fig. 2: Conductance a through the type 1 dot as 
a function of the top gate voltage (a), the voltage applied to 
IPG! (b) and IPG2 (c). The temperature was T = 120mK 
(d): I-V trace in the peak (open circles) and in the valley 
(full circles) of the Coulomb resonance. The inset shows the 
Coulomb peak used for the I- Vs. 



The tuning range for IPG2 corresponds to about 100 
electrons (Fig. 2c), while the tuning range of IPGf is only 
about 20 electrons (Fig. 2b), which reflects the different 
influence of these gates on the tunnel barriers. From the 
average conductance peak separation as a function of the 
in-plane gate voltages, we determine the capacitances 



2 



for IPG1 and IPG2 to be 33aF and 39a.F, respectively. 
With a 3-dimensional numerical capacitance simulation 
we find excellent agreement between theoretical and ex- 
perimental values of the capacitances of the dot to all 
three gates Jl6[ . 

In Fig. 2d, I-V traces for two different IPG2 voltages are 
shown. The trace with the full circles, taken in the val- 
ley of a Coulomb oscillation, shows a clear Coulomb gap. 
From a set of FV measurements over several Coulomb 
oscillation periods, we find a Coulomb gap of AlOfieV. 
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FIG. 3. Fig. 3: Conductance a through the type 2 dot. 
Superimposed to the Coulomb oscillations, transmission res- 
onances are observed. In the inset we plot the periods of the 
conductance oscillations SV g as a function of Vipgi obtained 
for the different dot types. The open circles represent the 
period of the peaks in the type 1 dot, which remains almost 
constant over the whole voltage range. For comparison, the 
periods in Vipgi, measured in a dot of type 2, i.e. under 
negative top gate voltages, are represented by the full circles. 
Here, the period increases significantly with increasing Vipgi, 
since the capacitance between dot and gate changes. 

In Fig. 3, we show the conductance through the type 
2 dot. In addition to the Coulomb oscillations, one 
observes well-known superimposed transmission reso- 
nances. JTt]] In the case of this open dot, we have to 
apply Vt g = — 130m V in order to close the quantum 
point contacts. It is obvious that, in this case, the 
Coulomb period increases with Vjpg2- In contrast, we 
observe in the type 1 dot, where we apply a positive top 
gate voltage, an approximately constant period of about 
Am V over wide ranges of Vipgi- This different behavior 
is visualized in the inset of Fig. 3, where the Coulomb 
peak separation as a function of Vipgi for both dot types 
is shown. We interpret the constant peak separation in 
the type 1 dot (open circles) as a consequence of the 



huge carrier density due to the positive top gate voltage. 
Therefore, the electric fields from the in-plane gates are 
screened very effectively and the dot keeps its shape over 
the whole Vjpg2 range. This is not the case in the type 
2 dot (full circles), where a negative top gate voltage is 
applied, which reduces the electron density in the sys- 
tem. 

High quality SETs can be fabricated by a variety of 
methods. Our approach leads to quantum dots that 
are highly tunable by in-plane as well as by top gate 
electrodes. Furthermore the substrate as well as the 
electrodes can be patterned by scanning probe lithogra- 
phy in two consecutive steps since overlay accuracy is 
not a critical issue with an AFM. In particular we expect 
to be able to realize dots containing few electrons where 
the charge and spin degrees of freedom can be controlled 
with high accuracy. 

In summary, we have shown that sub-micron size quan- 
tum dots can be patterned in Ga[Al]As heterostructures 
by combining local oxidation of the semiconductor sur- 
face with additional top gates, and Coulomb blockade 
can be observed. Operating the quantum dots with pos- 
itive top gate voltages results in excellent transfer of the 
lithographic pattern into the electron gas. In addition, 
the dot keeps its shape while it is tuned by in-plane 
gates. Hence, our fabrication scheme is highly flexible 
and well suited for performing experiments in which the 
energy spectrum of quantum dots is studied. 
We wish to thank M. Bichler for growing the samples and 
G. Salis for his help with the sample preparation. Fi- 
nancial support from the Schweizerischer Nationalfonds 
is gratefully acknowledged. 
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